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Increasing evidence has suggested an important role for envi-
ronmental factors such as exposure to pesticides in the patho-
genesis of Parkinson’s disease. In experimental animals the
exposure to a common herbicide, rotenone, induces features of
parkinsonism; mechanistically, rotenone-induced destruction
of dopaminergic neurons has been attributed to its inhibition of
the activity of neuronal mitochondrial complex |I. However, the
role of microglia, the resident brain immune cells in rotenone-
induced neurodegeneration, has not been reported. Using pri-
mary neuron-enriched and neuron/glia cultures from the rat
mesencephalon, we discovered an extraordinary feature for
rotenone-induced degeneration of cultured dopaminergic neu-
rons. Although little neurotoxicity was detected in neuron-
enriched cultures after treatment for 8 d with up to 20 nm
rotenone, significant and selective dopaminergic neurodegen-
eration was observed in neuron/glia cultures 2 d after treatment

with 20 nm rotenone or 8 d after treatment with 1 nm rotenone.
The greatly enhanced neurodegenerative ability of rotenone
was attributed to the presence of glia, especially microglia,
because the addition of microglia to neuron-enriched cultures
markedly increased their susceptibility to rotenone. Mechanis-
tically, rotenone stimulated the release of superoxide from mi-
croglia that was attenuated by inhibitors of NADPH oxidase.
Furthermore, inhibition of NADPH oxidase or scavenging of
superoxide significantly reduced the rotenone-induced neuro-
toxicity. This is the first report demonstrating that microglia play
a pivotal role in rotenone-induced degeneration of dopaminer-
gic neurons. The results of this study should advance our
understanding of the mechanism of action for pesticides in the
pathogenesis of Parkinson’s disease.
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Parkinson’s disease (PD) is characterized by a progressive and
selective loss of dopaminergic neurons in the substantia nigra
(SN), resulting in movement disorders (Olanow and Tatton,
1999). Sporadic PD accounts for >90% of the incidence of the
disease, with the remaining fraction of mostly familial PD sus-
pected to be linked to mutations in several recently identified
genes, including a-synuclein and parkin (Langston, 1998; Poly-
meropoulos, 1998; de Silva et al., 2000). Unlike its familial coun-
terpart, idiopathic PD usually begins in the fifth decade of life and
progresses over a period of 10-20 years. Although the etiology of
idiopathic PD remains unknown, epidemiological and case con-
trol studies have implicated rural living, well water consumption,
and pesticide exposure as potential risk factors for PD (Priya-
darshi et al., 2001). Among these factors, exposure to pesticides
and insecticides appears to have one of the strongest correlations
with an increased incidence of PD (Gorell et al., 1998; Ritz and
Yu, 2000; Herishanu et al., 2001).

Recent success in demonstrating the degenerative effect of
several pesticides on the nigrostriatal dopaminergic system in
experimental animals has revitalized interest in identifying spe-
cific agents as possible causes of PD (Betarbet et al., 2000;
Thiruchelvam et al., 2000). For example, Betarbet et al. (2000)
reported that chronic administration of a common herbicide,
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rotenone, resulted in a selective destruction of the nigrostriatal
dopaminergic system, formation of cytoplasmic inclusions in ni-
gral neurons, and induction of hypokinesia and rigidity in rats,
reproducing the key features of human PD. The selective toxicity
for dopaminergic neurons in the SN bestowed on rotenone has
been attributed to its inhibition of the activity of complex I of the
mitochondrial respiratory chain and the unique vulnerability of
dopaminergic neurons to oxidative damage as a result of mito-
chondrial complex I inhibition (Greenamyre et al., 1999; Jenner,
2001).

Microglia are the resident immune cells in the brain
(Kreutzberg, 1996; Gonzalez-Scarano and Baltuch, 1999). Under
normal conditions the microglia play a role in immune surveil-
lance. Microglial activation has been associated with neurodegen-
eration via the production of a variety of proinflammatory and
neurotoxic factors, including tumor necrosis factor-a (TNFa),
interleukin-1B (IL-1B), eicosanoids, nitric oxide (NO), and su-
peroxide (Chao et al., 1992; Cassarino et al., 1997; Liu et al.,
2000, 2001a; McGuire et al., 2001). Of the various factors released
by activated microglia, reactive oxygen species such as superoxide
free radical appear to play a key role in the inflammation-
mediated oxidative damage to neurons. One of the major sources
of superoxide is the activity-dependent, multi-component, and
plasma membrane-associated NADPH oxidase (Babior, 1999).
Because the midbrain area that encompasses the SN has the
highest density of microglia in the brain (Lawson et al., 1990; Kim
et al., 2000), microglial activation may be an early event contrib-
uting to the degeneration of SN dopaminergic neurons as a
consequence of a variety of oxidative insults. However, the role of
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microglia in rotenone-induced neurotoxicity has not been
reported.

Using mesencephalic cultures, we report in this study that
rotenone, at concentrations that were nontoxic to dopaminergic
neurons in neuron-enriched cultures, induced selective degener-
ation of dopaminergic neurons in neuron/glia cultures. The
rotenone-induced dopaminergic neurodegeneration was at least
partially mediated by the activation of microglia and the NADPH
oxidase-mediated release of superoxide free radical.

MATERIALS AND METHODS

Materials. Cell culture ingredients were obtained from Invitrogen (San
Diego, CA). [*H]dopamine (DA; 30 Ci/mmol) and GABA (90 Ci/mmol)
were from NEN (Boston, MA). Monoclonal antibodies against the CR3
complement receptor (OX-42) and microtubule-associated protein-2
(MAP-2) were from BD PharMingen (San Diego, CA) and Roche
(Indianapolis, IN), respectively. The polyclonal anti-glial fibrillary acidic
protein (GFAP) antiserum and antibody diluent were from Dako
(Carpinteria, CA). The polyclonal anti-tyrosine hydroxylase (TH) anti-
serum was a gift from GlaxoWellcome (Research Triangle Park, NC).
The monoclonal anti-neuron-specific nuclear protein (Neu-N) antibody
was from Chemicon (Temecula, CA). The ED1 antibody and biotinylated
isolectin were from Serotec (Raleigh, NC) and Sigma (St. Louis, MO),
respectively. The Vectastain avidin—biotin complex (ABC) kit and bio-
tinylated secondary antibodies were from Vector Laboratories (Burlin-
game, CA). Dextran and Ficoll-Hypaque were from Amersham Pharma-
cia (Piscataway, NJ). Apocynin (Fluka, Milwaukee, WI) and diphenylene
iodonium (DPI; Molecular Probes, Eugene, OR) were dissolved in eth-
anol (200 mm) or dimethylsulfoxide (20 mm) as stock solutions, respec-
tively. Rotenone was purchased from Calbiochem (San Diego, CA). For
each experiment a fresh stock solution of rotenone (10 mm) was prepared
in dimethylsulfoxide, which was diluted further to desired final concen-
trations in treatment medium before use. All other reagents were from
Sigma.

Mesencephalic mixed neuron/glia cultures. Primary rat ventral mesen-
cephalic neuron/glia cultures were prepared by following our previously
published protocol with modifications (Liu et al., 2000). Briefly, ventral
mesencephalic tissues were dissected from embryonic day 13/14 Fischer
344 rats and dissociated with a mild mechanical trituration. Cells were
seeded to 24-well (5 X 10°/well) culture plates precoated with poly-D-
lysine (20 pg/ml) and maintained in 0.5 ml/well of MEM supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 10% heat-
inactivated horse serum (HS), 1 gm/I glucose, 2 mM L-glutamine, 1 mm
sodium pyruvate, 100 uM nonessential amino acids, 50 U/ml penicillin,
and 50 pg/ml streptomycin. Cultures were maintained at 37°C in a
humidified atmosphere of 5% C0O,/95% air. Cultures were replenished
with 0.5 ml/well fresh medium 3 d later and were used for treatment 7 d
later. For treatment the cultures were maintained in 1 ml/well of MEM
containing 2% FBS, 2% HS, 2 mM L-glutamine, 1 mM sodium pyruvate,
50 U/ml penicillin, and 50 pg/ml streptomycin. Immunocytochemical
analysis indicated that, at the time of treatment, the cultures were made
up of ~12% OX-42-immunoreactive (IR) microglia, 48% GFAP-IR
astrocytes, and 40% Neu-N-IR neurons of which 2.8-3.8% were TH-IR
neurons.

Mesencephalic neuron-enriched cultures. Dissociated rat ventral mesen-
cephalic cells were seeded first at 5 X 10° cells/well into poly-D-lysine-
coated 24-well culture plates as described above. Then 2 d after initial
seeding, cytosine B-D-arabinofuranoside (5-10 uM) was added to sup-
press the proliferation of glial cells. At 2-3 d later the cultures were
changed back to fresh medium. Those 7-d-old cultures that contained
<0.1% OX-42-IR microglia and 8% GFAP-IR astrocytes were used for
treatment. Of the Neu-N-IR neurons, 2.7-3.9% were TH-IR neurons.
Alternatively, cells were plated at 5 X 10° cells/well into 24-well culture
plates and maintained in DMEM/F12 supplemented with 10% FBS, 6
gm/l glucose, 1X B27, 50 U/ml penicillin, and 50 pg/ml streptomycin
(Lotharius et al., 1999). Then 2 d later the cultures were changed to
serum-free Neurobasal medium containing 1X B27, 0.5 mm L-glutamine,
0.01 pg/ml streptomycin, and 100 U/ml penicillin. At 7 d after the initial
plating the cultures consisted of 3% GFAP-IR astrocytes, <0.1% OX-
42-IR microglia, and 96% Neu-N-IR neurons of which 2.9-3.8% were
TH-IR neurons. Initial comparison of the two aforementioned neuron-
enriched cultures for response to rotenone-induced neurotoxicity yielded
identical results. Therefore, the neuron-enriched cultures prepared with
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the use of cytosine p-D-arabinofuranoside were used in subsequent
experiments.

Microglia-enriched cultures. Microglia were prepared from whole brains
of 1-d-old Fischer 344 rats as described previously (Liu et al., 2001b).
Briefly, brain tissues, devoid of meninges and blood vessels, were disso-
ciated by a mild mechanical trituration. The isolated cells (5 X 107) were
seeded in 150 cm? culture flasks in DMEM/F12 containing 10% FBS, 2
mM L-glutamine, 1 mM sodium pyruvate, 100 uM nonessential amino
acids, 50 U/ml penicillin, and 50 pg/ml streptomycin. The cultures were
maintained at 37°C in a humidified atmosphere of 5% C0O,/95% air, and
the medium was changed 4 d later. On reaching confluence (12-14 d), the
microglia were separated from astrocytes by shaking the flasks for 5 hr at
180 rpm. The enriched microglia were >98% pure as determined by
OX-42-IR and GFAP-IR.

Cell lines. The human monocytic U937 cells were obtained from
American Type Culture Collection (Manassas, VA) and maintained at
37°C in RPMI 1640 supplemented with 10% FBS, 50 U/ml penicillin, and
50 pg/ml streptomycin in a humidified incubator with 5% CO,/95% air.

Preparation of rat neutrophils. Fresh blood was collected from the
abdominal aorta of adult Fischer 344 male rats, and neutrophils were
purified by following the modified protocol of Wang et al. (1995). Briefly,
heparinized blood was sedimented with dextran, and the neutrophils
were isolated by centrifugation through the Ficoll-Hypaque density
gradient, followed by a hypotonic lysis to remove residual erythrocytes.
Purified neutrophils (>95% viable cells, trypan blue exclusion) were
resuspended in phenol red-free HBSS and kept on ice until use.

Immunocytochemistry. Immunostaining was performed essentially as
described previously (Kim et al., 2000; Liu et al., 2000). Neurons were
stained with the anti-MAP-2 antibody to detect both perikarya and
neurites or the anti-Neu-N antibody to detect perikarya only. Dopami-
nergic neurons were detected with the anti-TH antibody. Astrocytes were
recognized with the anti-GFAP antibody. Microglia were detected with
an anti-complement type 3 receptor antibody (OX-42), an anti-
macrophage-specific glycoprotein antibody (ED1), or the biotinylated
isolectin. Briefly, after blocking, formaldehyde-fixed cells were incubated
overnight at 4°C with primary antibodies diluted in antibody diluent
(anti-MAP-2, 1:400; anti-Neu-N, 1:2000; anti-TH, 1:20,000; OX-42, 5
ng/ml; ED-1, 1:250; biotinylated isolectin, 13 pg/ml; or anti-GFAP,
1:1000). Except for biotinylated biotin, the bound primary antibody was
visualized by incubation with an appropriate biotinylated secondary
antibody, followed by the Vectastain ABC reagents and color develop-
ment with 3,3’-diaminobenzidine. For double immunostaining, cultures
were first stained with the anti-TH antibody and then with the anti-neu-N
antibody followed by intensification using nickel sulfate. Images were
recorded with a CCD camera and the MetaMorph software (Universal
Imaging Systems, West Chester, PA). For visual enumeration of the
immunostained cells in cultures, 10 representative areas per well were
counted. For dopaminergic neurons the overall dendrite length for indi-
vidual TH-IR neurons was measured by following our previously pub-
lished protocol (Liu et al., 2001c). Two to four wells of identical treat-
ment from each experiment and 50 TH-IR neurons per well were
selected for measurement. Results were obtained from two separate
experiments and were expressed as a percentage of the control cultures.

Uptake assays for tritiated DA or GABA. Cultures were washed two
times with Krebs—Ringer buffer [containing (in mMm) 16 sodium phos-
phate, 119 NaCl, 4.7 KCI, 1.8 CaCl,, 1.2 MgSO,, 1.3 EDTA, and 5.6
glucose; pH 7.4]. For DA and GABA uptake the cultures were incubated
for 15 min at 37°C with 1 um [*H]DA and 5 uMm [*H]GABA in Krebs—
Ringer buffer, respectively. After being washed (three times) with ice-
cold Krebs—-Ringer buffer, the cells were collected in IN NaOH, and
radioactivity was counted with a liquid scintillation counter (Liu et al.,
2000). Nonspecific uptake was determined in parallel wells that received
both the tritiated tracer and 10 uM mazindol for DA uptake or 10 um
NO-711 for GABA uptake (Suzdak et al., 1992). In addition, for GABA
uptake, comparable results were obtained with the inclusion of B-alanine
(1 mm), which preferentially affects glial GABA uptake (Mabjeesh et al.,
1992).

Nitrite, TNFa, and IL-1 assays. The production of NO was determined
by measuring the accumulated level of its stable metabolite, nitrite, in the
supernatant with the Griess reagent (Green et al., 1982). The assay had
a detection limit of ~0.5 uM. TNFa or IL-1 released into the culture
medium was measured with respective rat enzyme-linked immunosor-
bent assay kits from R&D Systems (Minneapolis, MN), with detection
limits of 5 pg/ml, as described previously (Liu et al., 2000).

Measurement of superoxide production. The release of superoxide was
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determined by measuring the superoxide dismutase (SOD)-inhibitable
reduction of cytochrome ¢ as described previously (Chao et al., 1992; Liu
et al., 2000). Primary microglia (0.5-1 X 10°/well) were grown overnight
in 96-well plates in DMEM containing 10% FBS. For superoxide assay
the cultures were washed twice with HBSS and then maintained in 100
ul/well of phenol red-free HBSS. U937 monocytes or neutrophils were
washed twice with HBSS and seeded (0.5-1 X 10%/well) in 100 ul/well in
96-well plates. Added to each well was 50 ul of HBSS containing desired
concentrations of drugs and with or without 800 U/ml SOD, immediately
followed by 50 ul of 160 uM ferricytochrome ¢ in HBSS. The cultures
were incubated for 30 min at 37°C; the absorbance at 550 nm was read
with a SpectraMax Plus microplate spectrophotometer equipped with a
solid-state heated (37°C) chamber (Molecular Devices, Sunnyvale, CA).
To determine the effect of NADPH oxidase inhibitors on superoxide
release, we preincubated the cells for 5 min with the vehicle or the
inhibitors before the addition of rotenone. The amount of SOD-
inhibitable superoxide was calculated by using a molar extinction coeffi-
cient of 2.11 X 10*/m/cm for cytochrome ¢ at 550 nm (Massy, 1959).

Statistical analysis. Statistical significance was assessed with an
ANOVA, followed by the Bonferroni’s ¢ test via the StatView program
(Abacus Concepts, Berkeley, CA). A value of p < 0.05 was considered
statistically significant.

RESULTS

The presence of glia dramatically increases the
sensitivity of dopaminergic neurons to rotenone-
induced neurodegeneration

Primary mixed neuron/glia or neuron-enriched cultures were
treated for 8 d with the vehicle control (control group) or 0.5-30
nM rotenone. [*H]DA uptake was measured to assess neurotox-
icity to dopaminergic neurons. The treatment of neuron-enriched
cultures with up to 20 nm rotenone did not have any significant
effect on [?H|DA uptake (Fig. 1A4). Treatment of neuron-
enriched cultures with higher concentrations of rotenone resulted
in a sudden drop in [*H]DA uptake, and a near-complete loss of
DA uptake was seen in cultures treated with 30 nm rotenone (Fig.
1A). In contrast, in mixed neuron/glia cultures a significant re-
duction in [*H]DA uptake was observed after treatment with 1
nm rotenone (Fig. 14). The decrease in DA uptake became more
prominent with increasing concentrations of rotenone, and a 50%
reduction was seen in cultures treated with 10 nm rotenone (Fig.
1A4). Counts of TH-IR neurons indicated that no significant
reduction in the number of TH-IR neurons was observed in
neuron-enriched cultures after treatment for 8§ d with up to 10 nm
rotenone. However, a concentration-dependent decrease in the
number of TH-IR neurons was seen in neuron/glia cultures, with
a 50% decrease in the cultures treated for 8 d with 10 nm rotenone
(Fig. 1B). Analysis of the time dependence of rotenone-induced
degeneration of dopaminergic neurons in neuron/glia cultures
treated with 1-20 nm rotenone for 2-8 d demonstrated a time-
dependent neurodegeneration (Fig. 1C). Although the reduction
in DA uptake in cultures treated with 1 nm rotenone was only
significant 8 d later, a significant reduction was seen in cultures
treated with =20 nm rotenone as early as 2 d after treatment (Fig.
1C). The rapid onset of the rotenone-induced decrease in DA
uptake at the higher concentrations (20 and 25 nm) was likely
attributable to its direct neurotoxicity as a consequence of the
inhibition of mitochondrial function.

Glia-enhanced neurodegeneration is selective for
dopaminergic neurons

One of the hallmarks of Parkinson’s disease is the selective loss of
dopaminergic neurons in the SN. Therefore, it is of particular
interest to determine whether the glia-enhanced neurodegenera-
tion was selective for dopaminergic neurons among the various
neuronal populations in the mixed neuron/glia culture. First, the
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Figure 1. Differential sensitivity of dopaminergic neurons in neuron-
enriched and mixed neuron/glia mesencephalic cultures to rotenone-
induced degeneration. A4, B, Primary neuron-enriched or neuron/glia
cultures were treated for 8 d with the vehicle (control group) or 1-30 nm
rotenone; degeneration of dopaminergic neurons was evaluated with the
[PH]DA uptake assay (A) or quantification of TH-IR neurons in the
cultures (B). C, Mixed neuron/glia cultures were treated for 2-8 d with
the vehicle or 1-25 nM rotenone; the [*'H]DA uptake was determined at
the desired time points. The amount of DA uptake for the vehicle-treated
neuron/glia cultures at the time of treatment and 8 d after treatment was
0.77 = 0.04 and 0.65 = 0.06 and for vehicle-treated neuron-enriched
cultures was 0.81 = 0.07 and 0.77 = 0.08 pmol/min per well, respectively.
The results for DA uptake (4, C) and cell counts (B) are expressed as a
percentage of the control cultures and are the mean = SEM of four
experiments performed in triplicate. *p < 0.01, compared with the
control.
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cultures were treated with 1-25 nm rotenone for 8 d and then
analyzed for the uptake of [°’H]DA or [°’H]JGABA. As shown in
Figure 24, although rotenone decreased [*H]DA uptake in a
dose-dependent manner, [PHJGABA uptake in the cultures
treated with up to 20 nM rotenone was not affected significantly.
The difference in neurotransmitter uptake was reduced markedly
in cultures treated with 25 nm rotenone (Fig. 24). Consistent with
the effect observed with the uptake assays, a quantification of
immunostained neurons demonstrated that rotenone dose-
dependently reduced the number of TH-IR neurons that ac-
counted for ~3.3% of the total neuronal population (Fig. 2B). In
contrast, no significant reduction in Neu-N-IR or MAP-2-IR
neurons, which represented the majority if not all of the neurons,
was observed in cultures treated with 20 nm rotenone for 8 d (Fig.
2B). Again, a significant loss in Neu-N-IR or M AP-2-IR neurons
was seen in cultures treated with 25 nm rotenone for 8 d (Fig. 2B).
In addition to a reduction in cell numbers, TH-IR neurons in
rotenone-treated cultures displayed a less extensive dendritic
network compared with those in control cultures, whereas the
dendritic network of MAP-2-IR neurons, in general, was not
affected significantly (Fig. 2C). Quantitation of the overall den-
drite length of TH-IR neurons in the neuron/glia cultures dem-
onstrated that, after treatment for 8 d with 10 and 20 n™m rote-
none, the average dendrite length reduced to 56.2 = 6.6 and
30.0 £ 4.5% of that of the control cultures, respectively (p < 0.01
compared with control). In addition, double-label immunostain-
ing for TH-IR and Neu-N-IR neurons further demonstrated the
selective destruction of dopaminergic neurons in rotenone-
treated neuron/glia cultures (Fig. 2C).

The addition of microglia to neuron-enriched cultures
significantly increases the sensitivity of dopaminergic
neurons to rotenone-induced neurotoxicity

The vast difference in sensitivity of dopaminergic neurons to
rotenone neurotoxicity between the mixed neuron/glia and
neuron-enriched cultures prompted us to speculate that the
neurotoxicity of rotenone was dependent on the presence of
glia, especially that of microglia. To test this hypothesis di-
rectly, we added cells from primary microglia-enriched cul-
tures to mesencephalic neuron-enriched cultures; DA uptake
of neuronal cultures and microglia-supplemented neuronal cul-
tures was compared after treatment with 10 nm rotenone for
8 d. As shown in Figure 3, whereas the DA uptake of the
neuron-enriched cultures was not affected by the addition of
microglia (2.5-7.5 X 10%/well), the addition of microglia sig-
nificantly increased the sensitivity of dopaminergic neurons to
rotenone-induced neurotoxicity. The increase in sensitivity to
rotenone neurotoxicity positively correlated with the number
of microglia added to the neuron-enriched cultures (Fig. 3).
For example, the addition of 5 X 10* microglia/well to neuron-
enriched cultures, a level comparable with that observed in
mixed neuron/glia cultures, reduced their DA uptake to 46%
of the control cultures (Fig. 3), close to the degree of reduction
observed in mixed neuron/glia cultures treated with 10 nm
rotenone for 8 d (Fig. 14). In contrast, after treatment for 8 d
with 10 nm rotenone, no significant difference was detected in
GABA uptake between the neuron-enriched cultures (96 * 2%
of control) and those with 7.5 X 10* microglia added per well
(93% = 4% of control, from two experiments performed in
triplicate). These data further strengthen the notion that mi-
croglia play a pivotal role in dictating the sensitivity and
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selectivity of dopaminergic neurons to rotenone-induced
degeneration.

Rotenone-induced microglial activation

precedes neurodegeneration

To study further the role of microglia in the rotenone-induced
preferential and enhanced degeneration of dopaminergic neu-
rons, we first examined whether rotenone could activate microglia
in the mixed neuron/glia cultures. Microglial activation is char-
acterized by dramatic changes in morphology and increased ex-
pression of surface antigens such as the complement type 3
receptor (Kreutzberg, 1996). Cultures were treated for 1 d with
10 nMm rotenone, and microglia were detected with the antibody
0OX-42 that recognizes the complement receptor. Compared with
control cultures, a significant portion of the OX-IR microglia in
rotenone-treated cultures was larger in size than those in control
cultures (Fig. 44). More prominently, the number of immunore-
active microglia in the rotenone-treated (1-10 nm) cultures in-
creased significantly over that in the control cultures (Fig. 4B). A
significant increase in OX-IR cells was seen in cultures that were
treated for 1 d with 1 nMm rotenone, and a 67% increase over the
control cultures was observed with 10 nm rotenone (Fig. 4B).
Similar results were obtained when the cultures were immuno-
stained for other specific markers of microglia with isolectin and
the antibody ED-1 (Fig. 4B). These results demonstrated that
rotenone was capable of inducing microglial activation, which
preceded the degeneration of dopaminergic neurons in the mixed
neuron/glia cultures.

Rotenone induces NADPH oxidase-mediated release
of superoxide from activated microglia

Activated microglia secrete a variety of proinflammatory and
cytotoxic factors such as the cytokines TNFa and IL-18 and free
radical NO and the reactive oxygen species (ROS), which work in
concert to induce neurodegeneration. We first measured the
accumulation of nitrite (an indicator of NO production), TNFa,
or IL-1B in media from neuron/glia cultures after treatment with
the vehicle or 1-20 nm rotenone for 1-8 d. However, the quanti-
ties of these factors in either vehicle- or rotenone-treated cultures
were at or below the detection limits for the assays that were used
(TNFaq, 5 pg/ml; IL-1B, 5 pg/ml; NO, 0.5 um).

Next, we examined the release of superoxide free radical from
microglia by measuring the SOD-inhibitable reduction of cyto-
chrome c. After incubation of microglia for 30 min with vehicle or
1-10 nm rotenone, a dose-dependent release of superoxide was
observed (Fig. 54). Significant release of superoxide was detected
in microglia treated with 5 or 10 nm rotenone. Similar profiles for
superoxide release were observed in the human monocytic U937
cells that are of close lineage to macrophage and microglia (Fig.
5A). Because the main source of superoxide released is depen-
dent on the activity of the membrane-associated NADPH oxidase
that is expressed most abundantly in neutrophils (Griendling et
al., 2000), we next tested the effect of rotenone on the release of
superoxide from rat neutrophils. Indeed, significant release of
superoxide was detected in neutrophils after treatment with con-
centrations of rotenone as low as 1 nm (Fig. 54). The involvement
of the activity of NADPH oxidase in rotenone-induced release of
superoxide was determined by examining the effects of two mech-
anistically dissimilar inhibitors of NADPH oxidase, DPI and
apocynin, with the former directly inhibiting the catalytic activity
of the enzyme (Irani et al., 1997) and the latter preventing the
assembly of the multi-subunit enzyme complex (Stolk et al,
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Figure 2. Selectivity of rotenone-induced neurodegeneration in mixed
neuron/glia cultures. 4, B, Mixed neuron/glia cultures were treated for 8 d
with the vehicle or 5-25 nM rotenone. Afterward the cultures were assayed
for uptake of [°’H]DA or [*H]GABA (A) or were immunostained with
anti-TH, Neu-N, or MAP-2 antibodies, followed by quantification of the
positively stained cells (B). The amount of GABA uptake at the time of
treatment and 8 d after treatment for the vehicle-treated neuron/glia
cultures was 39.4 + 4.2 and 35.2 = 3.2 pmol/min per well, respectively.
The number of Neu-N-IR, M AP-2-IR, and TH-IR neurons in the control
cultures was ~490, 460, and 14/mm?2. The results are expressed as a
percentage of the control cultures and are the mean = SEM of three
experiments performed in triplicate. *p < 0.01, compared with the con-
trol. C, Immunocytochemical analysis. Mixed neuron/glia cultures were
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Figure 3. Effect of the addition of microglia to neuron-enriched cultures
on rotenone-induced degeneration of dopaminergic neurons. Neuron-
enriched mesencephalic cultures were supplemented with 2.5-7.5 x 10*
microglia/well. At 24 hr later the cultures were treated with the vehicle or
10 nM rotenone, and DA uptake was determined 8 d after the treatment.
The results are expressed as a percentage of the control cultures and are
the mean *= SEM of three experiments performed in triplicate. *p < 0.01,
compared with the control.

1994). As shown in Figure 5B, both DPI (2.5-5 um) and apocynin
(0.25-0.5 mm) significantly inhibited the rotenone-induced re-
lease of superoxide from neutrophils. These results demonstrated
that the rotenone-induced release of superoxide free radical in-
volved the activity of NADPH oxidase.

The relevance of rotenone-stimulated superoxide release in
mediating microglia-induced facilitation of dopaminergic neuro-
degeneration was established by the observation that neutraliza-
tion of the reactivity of superoxide or inhibition of NADPH
oxidase afforded neuroprotection. As shown in Figure 6, the
addition of a combination of SOD (50 U/ml) and catalase (50
U/ml) to the neuron/glia cultures right before and 24 hr after the
addition of rotenone significantly reduced rotenone-induced
damage to dopaminergic neurons. Neutralization of superoxide
by SOD/catalase increased the DA uptake of cultures treated with
5 and 10 nM rotenone from 76 and 53% of the control cultures to
93 and 74% of the control cultures, respectively (Fig. 6). Pretreat-
ment of neuron/glia cultures with 1 mm NG-nitro-L-arginine
methyl ester, an inhibitor of nitric oxide synthase, did not afford
any significant neuroprotection (data not shown). However, pre-
treatment of neuron/glia cultures with an inhibitor of NADPH
oxidase, apocynin, before treatment with rotenone significantly
attenuated the rotenone-induced degeneration of dopaminergic
neurons measured either by [’ H]DA uptake (Fig. 74) or counts of
TH-IR neurons (Fig. 7B). The neuroprotective effect of apocynin
was concentration-dependent over a range of 0.1-0.5 mm (Fig.
7C). Unexpectedly, treatment of cultures for 8 d with DPI (0.1-5
puM) resulted in significant damage to neurons in the culture (data
not shown). Despite this, the results obtained with SOD/catalase
and apocynin strongly suggested that NADPH oxidase-mediated
production of superoxide in microglia underlies microglial facili-
tation of the rotenone-induced dopaminergic neurodegeneration.

<«

treated for 8 d with the vehicle or 10 or 20 nm rotenone. Cultures then
were immunostained for TH-IR, Neu-N-IR, or MAP-2-IR neurons or
were double stained for TH-IR and Neu-N-IR neurons. Scale bars:
TH-IR and Neu-N-IR neurons, 50 um; MAP-IR neurons, 100 wm;
neurons in the TH and Neu-N double-immunostained cultures, 75 um.
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Figure 4. Effect of rotenone on microglial activation. Mixed neuron/glia
cultures were treated for 1 d with the vehicle or 1-10 nMm rotenone and
then were immunostained with antibodies against specific markers of
microglia. 4, Immunocytochemical analysis with the OX-42 antibody of
cultures treated for 1 d with the vehicle or 10 nm rotenone. In control
cultures a significant portion of the OX-IR resting microglia was small and
round (open arrowheads). After treatment with 10 nM rotenone, OX-
42-IR microglia were enlarged significantly and were irregularly shaped
(filled arrowheads), indicative of activation. Part of the images of OX-
42-1R microglia (in closed boxes, a and b) presented in 4 was cut out and
presented in B for better representation of the differences. C, Quantifi-
cation of microglial activation. Vehicle or rotenone-treated cultures were
immunostained with OX-42, ED-1, or isolectin; positively stained micro-
glia were counted. The number of OX-42-IR microglia in the control
cultures was ~120/mm?. The results are expressed as a percentage of the
control cultures and are the mean = SEM of three experiments performed
in triplicate. *p < 0.01, compared with the control. Scale bar, 50 pwm.

DISCUSSION

Using primary rat mesencephalic mixed neuron/glia and neuron-
enriched cultures, this study for the first time demonstrates that
microglia are actively involved in the rotenone-induced selective
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Figure 5. Rotenone stimulated the release of superoxide. 4, Rat primary
microglia, human monocytic U937 cells, or rat neutrophils were seeded to
96-well plates. Cells were treated with the vehicle or 1-10 nm rotenone.
Superoxide production, measured as SOD-inhibitable cytochrome c re-
duction, was determined as described in Materials and Methods. The
results are a percentage of the control cultures and are expressed as the
mean = SEM of three experiments performed in triplicate. *p < 0.01,
compared with the control. B, Effect of NADPH oxidase inhibitors on
rotenone-induced release of superoxide from neutrophils. Neutrophils
were pretreated for 5 min with the vehicle or indicated concentrations of
DPI or apocynin before treatment with 10 nm rotenone. Then the amount
of superoxide released was determined as described in Materials and
Methods. The results are a percentage of the control cultures and are
expressed as the mean = SEM of three experiments performed in
triplicate. *p < 0.01, compared with rotenone-treated cells. C, Control;
Rot, rotenone; A PO, apocynin.

degeneration of dopaminergic neurons. At concentrations (1-15
nM) that are nontoxic to dopaminergic neurons in the neuron-
enriched cultures, the presence of microglia in the mixed neuron/
glia cultures enables rotenone to induce significant and selective
degeneration of dopaminergic neurons. The dramatically en-
hanced dopaminergic neurodegeneration is primarily attributable
to the rotenone-induced activation of microglia and their release
of superoxide free radical as demonstrated by the measured
SOD-inhibitable reduction of cytochrome ¢, the neuroprotective
effect of SOD/catalase, and that of the NADPH oxidase inhibitor
apocynin.

Microglia, the resident immune cells in the brain, play a pivotal
role in the detection of invading pathogens, host defense, and
tissue repair (Kreutzberg, 1996; Aloisi, 1999). In response to
injury or immunological challenges, microglia become readily
activated and undergo dramatic changes in morphology, surface
expression of molecules such as major histocompatibility com-
plex, and the complement type 3 receptor, recognizable by the
antibody OX-42 (Streit et al., 1988). Furthermore, activated mi-
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Figure 6. Effect of SOD/catalase on rotenone-induced degeneration of
dopaminergic neurons. SOD/catalase (50 U/ml each) were added to
neuron/glia cultures right before and 24 hr after the addition of the
indicated concentrations of rotenone. The cultures were assayed for
[*H]DA uptake 8 d later. The results are the mean + SEM of three
experiments performed in triplicate. *p < 0.01, compared with the
control.

croglia produce a wide array of immunomodulatory and cytotoxic
factors, including TN Fe, IL-1p, eicosanoids, NO, and superoxide
free radical. Although a few of these factors are thought to
contribute to tissue repair (Streit et al., 1988), a majority are
believed to work via mechanisms not yet fully understood to
induce neurodegeneration (McGeer et al.,, 1988; Chao et al.,
1992; Jeohn et al., 1998; Minghetti and Levi, 1998; Liu et al.,
2001a).

Numerous studies have suggested that, among the factors pro-
duced by activated microglia, oxygen free radicals play a promi-
nent role in the degeneration of dopaminergic neurons. For
example, stimulation of mesencephalic neuron/glia cultures with
the bacterial endotoxin activated microglia to produce TNFe,
IL-1B, NO, and superoxide (Kim et al., 2000; Liu et al., 2000).
However, inhibition of microglial production of superoxide, but
not the other factors, was most effective in protecting neurons,
indicating that superoxide was a dominant degenerative factor for
the dopaminergic neurons in the culture (Liu et al., 2000). In the
current study the rotenone-induced degeneration of dopaminer-
gic neurons in neuron/glia cultures may, at least in part, be
attributable to the activation of microglia and NADPH oxidase-
mediated release of superoxide free radical. This notion is sup-
ported by the following observations: (1) significant accumulation
of NO was not observed, and inhibition of NO production did not
afford neuroprotection; (2) although their participation in neuro-
toxicity could not be ruled out completely, the accumulated levels
of IL-1B8 or TNFa were very low, and studies have shown that
sufficient quantities of these factors, possibly even in combination
with other factors (e.g., NO), are necessary to induce significant
neurotoxicity (Jeohn et al., 1998); (3) significant release of super-
oxide, as measured by the SOD-inhibitable reduction of cyto-
chrome ¢, was detected in rotenone-stimulated microglia as well
as monocytes and neutrophils (Fig. 54); (4) the rotenone-induced
release of superoxide was sensitive to inhibitors of NADPH
oxidase DPI and apocynin (Fig. 5B); and (5) significant protec-
tion of dopaminergic neurons in the mixed neuron/glia cultures
against rotenone-induced degeneration was achieved by the su-
peroxide scavengers SOD and catalase and the NADPH oxidase
inhibitor apocynin (Figs. 6, 7). NADPH oxidase is expressed
widely in cells of the mesodermal lineage, including leukocytes
and vascular cells (Babior, 1999). It is made up of at least seven
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Figure 7. Effect of apocynin on rotenone-induced degeneration of do-
paminergic neurons. A, B, Neuron/glia cultures were pretreated for 30
min with the vehicle or 0.25 mM apocynin before treatment with 5 or 10
nM rotenone. Then 8 d later the degeneration of dopaminergic neurons
was assessed as [ *H]DA uptake (A4) and counts of TH-IR neurons (B). C,
Neuron/glia cultures were pretreated for 30 min with the vehicle or the
indicated concentration of apocynin before treatment with 10 nm rote-
none. The cultures were assayed for [ °’H]DA uptake 8 d later. The results
are the mean = SEM of three experiments performed in triplicate. *p <
0.01 and *p < 0.05, compared with the control.

subunits that are distributed between the cytosol and plasma
membranes. In response to stimuli the cytosolic components,
especially the p47 subunit, undergo extensive phosphorylation,
and the entire group of cytosolic subunits (p40, p47, and p67)
translocate to become associated with the membrane-bound het-
erodimeric cytochrome bssg, composed of gp91 and p22. Two
small G-proteins, Rac-1 and RaplA, also are involved in the
activation process of NADPH oxidase. The assembly of a fully
functional NADPH oxidase catalyzes the transfer of electrons
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from NADPH to molecular oxygen, resulting in the generation of
superoxide. It is believed that neutrophils and other immune cells
generate superoxide as part of a repertoire to kill invading patho-
gens. In vascular and cardiac cells, NADPH oxidase-generated
superoxide may be involved in cell signaling pathways (Grien-
dling et al., 2000). Excessive and/or unintended activation of
NADPH oxidase may result in tissue damage. It is, therefore, of
tremendous significance to decipher the precise interaction be-
tween rotenone and members of the NADPH oxidase in relation
to its stimulation of superoxide release from microglia.

It is worth noting that, although apocynin has been considered
an effective inhibitor of the oxidative burst by blocking the as-
sembly of the NADPH oxidase complex (Simons et al., 1990;
Stolk et al., 1994), the neuroprotective effect of apocynin ob-
served in this study (Fig. 7) may not be attributed exclusively to
the inhibition of NADPH oxidase-mediated superoxide genera-
tion. The observation that SOD and catalase afforded only a
partial neuroprotection also lends support to this notion. In other
words, rotenone may be capable of inducing the release of addi-
tional neurotoxic factors for which the identities are not yet
disclosed.

Oxygen free radicals are highly reactive and can interact with
proteins, DNA, or RNA to alter their functions or induce lipid
peroxidation, leading to eventual cell death (Facchinetti et al.,
1998). Among the various populations of neurons in the brain,
dopaminergic neurons in the SN are uniquely vulnerable to oxi-
dative stress (Jenner and Olanow, 1998; Greenamyre et al., 1999).
The elevated sensitivity of dopaminergic neurons to oxidative
damage so far has been attributed in large part to their known
reduced antioxidant capacity, increased accumulation of iron, and
the concentration of neurochemicals such as dopamine that are
prone to oxidative modification. However, of particular relevance
to the current study are the reports that nonmitochondria-
originated free radicals can, at least in vitro, impair complex I
selectively and possibly trigger a self-amplifying cycle of addi-
tional free radical generation (Turrens and Boveris, 1980; Hase-
gawa et al., 1990). In others words the mixed neuron/glia culture
system of the current study may be a reflection of the microenvi-
ronment in the brain: dopaminergic neurons may be under the
dual assault of oxygen free radicals generated by rotenone-
activated microglia and that generated as a consequence of the
inhibition, by rotenone, of the mitochondrial complex I activity.
Hence, it is plausible to speculate the existence of a potential
amplification mechanism for superoxide generation in dopami-
nergic neurons as a consequence of the exposure of both micro-
glia and dopaminergic neurons to rotenone. These observations,
together with the fact that the nigral region has the highest
concentration of microglia among the major brain regions that
have been examined (Lawson et al., 1990; Kim et al., 2000), may
be part of the mechanisms underlying the selective destruction of
dopaminergic neurons in the SN after rotenone treatment (Be-
tarbet et al., 2000; Foley and Riederer, 2000), although the exact
mechanism remains to be understood fully.

It should be pointed out that, in this study, in neuron-enriched
cultures treated with 20-30 nm rotenone a sudden drop in the
viability of dopaminergic neurons was observed (Fig. 14). This
reflects an important characteristic of rotenone working as a
mitochondrial complex I inhibitor. Studies have shown that rote-
none at between 25 and 30 nm will inhibit complex I activity
significantly, which, in turn, will lead to a decrease in the mito-
chondrial membrane potential that is lethal to dopaminergic
neurons (Greenamyre et al., 1999). Therefore, at these concen-
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trations of rotenone, direct inhibition of neuronal mitochondrial
complex I activity and the resultant decrease in mitochondrial
membrane potential may have become the predominant force in
determining the fate of dopaminergic neurons. However, expo-
sure to concentrations of rotenone as low as 1 nm, which is at least
20 times lower than the critical concentration(s) needed to impair
mitochondrial complex I activity directly, may be more relevant,
at least in vitro, to the degeneration of dopaminergic neurons.

The present study using in vitro mesencephalic cultures pro-
vides important clues to our understanding of the rotenone-
induced dopaminergic neurodegeneration. Continuing explora-
tion of the role of microglia should further our quest to identify
the environmental factors such as pesticides as potential factors
involved in the pathogenesis of Parkinson’s disease.
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